Background/Aims: Chronic kidney disease is a pro-inflammatory condition where the interplay between different regulatory pathways and immune cells mediates an unfavorable remodeling of the vascular wall and myocardial hypertrophy. These mechanisms include the action of CXCL12. The aim of this study is to evaluate the association between serum CXCL12 with left ventricular hypertrophy (LVH) and blood pressure control in chronic kidney disease (CKD) patients. Methods: This single-center observational study involved 90 stable CKD stage 1-5 patients (including 33 renal transplant recipients) and 25 healthy age-and sexmatched control subjects. CXCL12 was quantified by ELISA. 24-h ambulatory blood pressure monitoring was performed in 90 patients and 25 healthy controls. Left ventricular mass index (LVMI) was calculated based on the transthoracic echocardiography measurements in 27 patients out of the CKD population and in the whole control group. Nocturnal hypertension was frequent (46% of CKD patients). Conclusions: The results of our study point towards a link between CXCL12 and LVH as well as blood pressure control among patients with CKD, supporting the thesis that CXCL12 may be regarded as a new potential uremic toxin.
Introduction
Uremic toxin is a compound that accumulates in the organism as a result of a decline in renal function and, in consequence, negatively influences the physiological processes of the organism [1] . A broader definition encompasses compounds, not only those excreted by kidneys (such as phosphate or potassium), but also those who accumulate due to ineffective molecular clearance. By this definition, uremic toxins also include cytokines such as IL-1β, a strong pro-inflammatory molecule, the levels of which increase in chronic kidney disease (CKD) patients and its action may be reversed by its receptor recombinant antagonist as described by Hung et al. [2] . This is not the only compound which rises in serum of patients with CKD as proposed by the European Uremic Toxin Work Group (EUTox). Among them, there are tumor necrosis factor-alpha (TNF-α) and IL-6, ∼5-20 kDa sized proteins that play a vital role in immune system activation [1] . A chemokine, that is a small chemoattractant cytokine, which is not listed in the proposed uremic toxin database is CXCL12, with its best described isoform SDF-1alpha, that acts on the CXCR4 receptor. The main role of CXLC12/SDF-1 is to regulate the trafficking of CXCR4+ hemato/lymphopoietic cells, their homing in main hemato/lymphopoietic organs, and accumulation in tissues affected by inflammation. CXCL12/SDF-1 is secreted by bone marrow-, lymph node-, muscle-, and lung-derived fibroblasts as well as some central nervous system cells [3] . Secretion of CXCL12 may be induced in the cardiomyocytes by the renin-angiotensin-aldosterone (RAA) system in the failing heart [4] . Importantly, its serum concentration was reported to increase in CKD patients [5] .
In this study, we attempt to evaluate whether there is a link between serum CXCL12 and cardiovascular complications, such as left ventricular hypertrophy (LVH) and arterial hypertension.
Patients and Methods

Patient Cohorts
In this single-center cross-sectional study, we enrolled 90 CKD patients with estimated glomerular filtration rate (eGFR) calculated according to the CKD-EPI formula stable over the last 3 months, under the care of an outpatient clinic. Renal transplant patients were included, but no hemodialysis or peritoneal dialysis patients were enrolled in order to decrease the heterogeneity of the patient population. Patients with acute infection or other acute disease (myocardial infarction, stroke, acute heart failure, pulmonary embolism, acute transplant rejection, acute renal failure, surgery, trauma) within the last 90 days, active malignancy, chronic pulmonary disease, primary hyperaldosteronism, or liver cirrhosis were excluded. We enrolled 25 age-and sex-matched control subjects qualified as healthy based on the medical doctor's evaluation and basic laboratory tests with no history of renal or vascular disease.
Sample Collection and Laboratory Measurements
Blood samples were drawn into EDTA-containing tubes in the morning after a 12-h overnight fast in all participants. Serum samples were centrifuged according to a standardized protocol, aliquoted, and stored at -80 ° C until analysis. Quantification of serum CXCL-12 was performed via ELISA (Human CXCL-12/SDF1alpha Quantikine ELISA Kit; R&D Systems, Minneapolis, MN, USA) in duplicates, according to the manufac-turer's protocol. The coefficients of variation for ELISA were 2.00, 3.95, and 1.50% for the CXCL12 concentrations of 1.26, 2.57, and 4.94 ng/mL, respectively). A detailed description of the sample collection has previously been published [6] .
Standardized Clinic Blood Pressure and 24-h Blood Pressure Measurement
The average of 2 standardized measurements (i.e., measured after at least 10 min of quiet resting, in a sitting position) was considered as the patients' clinic blood pressure. 24-h ambulatory blood pressure monitoring (ABPM) was performed in both the study and control groups (Spacelabs 90207, Redmond, WA, USA). ABPM recordings were carried out every 20 min during the day and 45 min during the night (defined according to the time of sleep provided by patients). Patients were instructed to maintain their usual level of activity and take medications at usual doses. The blood pressure readings were assessed according to recommendations of the European Society of Hypertension (ESH), which provide hypertension thresholds as follows: 24-h average ABPM, ≥130/80 mm Hg; daytime ABPM, ≥135/85 mm Hg; nighttime ABPM, ≥120/70 mm Hg. As an indicator of night-day arterial pressure fall, we chose the night-day systolic blood pressure (SBP) ratio (the ratio of the average value of SBP during the night and the average value of SBP during the day).
Echocardiographic Studies
Among the CKD population, 27 patients underwent a complete echocardiographic assessment performed by a single echocardiographer blinded to the biochemical and gene expression results of the patients with the use of an Aplio 500 ultrasound system (Toshiba, Tokyo, Japan). Linear internal measurements of the left ventricle and its walls was performed in the parasternal long-axis view in the two-dimensional echocardiographic image perpendicular to the left ventricular (LV) long axis and measured at or immediately below the level of the mitral valve leaflet tips at the end diastole. 
Statistical Analysis
Categorical values were assessed by 2-sided Fisher's exact test. Normally distributed parameters were assessed by Student's t test. In case of unequal variances, Cochran-Cox approximation was applied. Parameters with non-normal distribution were assessed by nonparametric Mann-Whitney U test. Pearson product moment correlation coefficient (R) and Spearman rank correlation (rho) were applied to assess the association between the variables. Normally distributed variables are reported as mean ± standard deviation. Nonnormally distributed variables are reported as median and interquartile range and categorical data as percentage. Multivariate regression analysis with automatic backwards selection was performed. Two-tailed tests were applied. p < 0.05 was considered as statistically significant.
Results
Baseline Characteristics
The baseline characteristics of the study groups are presented in Table 1 Taking into consideration the relatively small group of patients with available echocardiographic data, for the purpose of the statistical analysis, we divided the whole study population into the following subgroups. The "normal LVMI" group included 5 patients with CKD Data are presented as mean ± SD, median (Q1-Q3), or number (percentage of population). ACS, acute coronary syndrome; AF, atrial fibrillation; BMI, body mass index; CAD, coronary artery disease; CRP, C-reactive protein; DM, diabetes mellitus; DPB, diastolic blood pressure; eGFR, estimated glomerular filtration rate; HDL, high-density lipoprotein; IFG, impaired fasting glycemia; LDL, low-density lipoprotein; LVH, left ventricular hypertrophy; ND, night-day; NtoL, neutrophil to lymphocyte ratio; SBP, systolic blood pressure; TG, triglycerides; TC, total cholesterol; WBC, white blood cells.
* p values significant after controlling for false discovery rate at a level of 0.05 according to the BenjaminiHochberg procedure.
(out of 27 with available echocardiography) and 16 control subjects (out of 25). The "LVH" group included 22 patients with CKD (out of 27 with available echocardiography) and 9 control subjects with calculated LVMI ≥95 g/m 2 in women and ≥115 g/m 2 in men. Subjects with LVH were older, presented worse renal function (eGFR 48 vs. 77 mL/min/1.73 m 2 ), worse metabolic profile including lower median high-density lipoprotein (HDL), higher median TG, higher mean fasting glucose with a greater proportion of subjects with impaired fasting glycemia, as well as higher CXCL-12 and clinic and 24-h average SBP. All exact data and p values are presented in online supplementary Table 1 (for all online 
Antihypertensive Medication
All hypertensive patients were treated with antihypertensive medication if they were already diagnosed with hypertension at the moment of inclusion. The exact percentage of patients treated with particular medication was as follows: beta-blockers, 56 (62%); RAA system antagonists, 49 (54%); diuretics, 48 (53%); calcium channel antagonists, 39 (43%); alpha-blockers, 11 (12%); clonidine, 5 (6%). Another frequently applied class of drugs were statins in 49 patients (54%). The medication applied had no significant impact on CXCL12 levels (data not shown).
CXCL12 Correlates
We observed a positive significant correlation between CXCL12 and LVMI (rho = 0.34, p = 0.02) and average ABPM parameters: 24-h SBP (rho = 0.35, p = 0.001), daytime SBP (rho = 0.35 p = 0.001), and nocturnal SBP (rho = 0.30, p = 0.002). CXLCL12 level was associated with the stage of CKD (online suppl. Fig. 1 ). Other significant correlates of CXCL12 included eGFR (rho = -0.61, p = 0.001), TG (rho = 0.34, p = 0.001), and HDL (rho = -0.29, p = 0.01).
As a next step, we performed multivariate regression analysis that included the variables proven to correlate significantly with LVMI in the bivariate analysis (clinic SBP, eGFR, CXCL12, age) adding gender, diabetes mellitus, and number of hypotensive medications as the input parameters in the model derived with the automatic backward variable selection method. The results are presented in Table 2 . According to the model, the only significant predictors of LVMI remain age, CXCL12, and gender. The multiple correlation coefficient R = 0.627 indicates that there is a strong correlation between the observed LVMIs and those predicted by the regression model. Our model accounts for 39.4 % of LVMI variability (or R 2 = 0.394). The model fit assessment was significant (ANOVA, F(3,38) = 8.5, p = 0.001). The graphical presentation of the model is depicted in Figure 2 .
The multiple linear regression model derived with automatic backward variable selection based on the results of bivariate correlations of average daytime SBP revealed a trend in the case of CXCL12 and average daytime SBP correlation (p = 0.058; Fig. 3 ; Table 3 ). 
Discussion
In this first study aimed at verifying the role of CXCL12 in cardiovascular complications, the main findings can be summarized as follows:
1. An increased CXCL12 plasma concentration was confirmed among CKD patients that strongly correlated with a deterioration of kidney function. 2. CXCL12 correlated with LVMI and presented a trend towards a positive correlation with average daytime SBP by multivariate analysis. Given the limited sample size, we regard the results of the study as preliminary; nevertheless, our observation is in line with the previously reported links between CXCL12 and pathologic remodeling within the myocardium as well as alterations to the vessel wall in a preclinical setting. 
CXLC12 and Inflammation
Based on the available reports, progressive renal fibrosis activates RAA in the course of CKD. This in turn promotes further fibrosis not only within the kidneys but also the myocardium [7] . It has also been proven that following the activation of the RAA axis, mineralocorticoids activate inflammation within the cardiovascular system via CXLC12/SDF-1alpha [8] . By interaction with CXCR4, CXCL12 induces the recruitment of T cells and fibrocytes to the myocardium [4, 8] . Although CXCL12 may trigger the attraction of potentially beneficial tissue-committed stem/progenitor cells to the heart muscle, this remains only a hypothesis and a negative effect in form of an increase in fibrosis and myocardial mass is observed in vivo in the setting of mineralocorticoid increase associated with CKD [3, 8] . It has been demonstrated that the resulting LVH can be reversed by CXCR4 antagonism as demonstrated for example by Chu et al. on a murine renal failure model [8, 9] . It seems plausible that CXCL12 could stimulate the inflow of T cells to the vessel wall as well, but this hypothesis has not been confirmed so far.
CXCL12 in Cardiomyocyte Dysfunction and Apoptosis
Based on the study by Pyo et al. [10] , it is known that inflammatory activation (and specifically CXCL12) promotes the progression of heart failure via a direct detrimental impact on cardiac myocytes. Activation of CXCR4 attenuates beta-adrenergic-mediated calcium mobilization resulting in a negative inotropic effect and reduced fractional shortening within cardiac myocytes [10] . Apart from these functional changes, high concentrations of CXCL12/SDF-1 induce apoptosis of cardiac myocytes via a TNF-α dependent pathway [11] .
Of note, although fibrosis and lymphocyte influx was observed simultaneously in the heart and kidney, previous reports point out that increased CXCL12/SDF-1alpha mRNA is restricted to the myocardium and not observed in renal tissue which implies that the heart is a source of this chemokine [8] . It stays in accordance with the observation derived from a prospective cohort of CKD patients that SDF-1alpha/CXCL12 is an independent predictor of death or myocardial infarction [5] . In addition to its prohypertrophic effect on the myocardium, it stimulates LDL-oxLDL uptake into the platelets, resulting in pro-oxidative, thrombogenic effects in platelets and clot structure that favors adverse events [12, 13] .
CXLC12 and the Vascular Wall
The weak correlations between CXCL12 and inflammatory parameters observed within the study cohort and the reported ability to traffic lymphocytes make us interpret its rise as a part of the CKD inflammatory milieu and name CXLC12 an inflammatory biomarker. Inflammation induced by RAA within the vascular wall that includes the infiltration of T lymphocytes has been described as an important component in the development of hypertension by Guzik et al. and Wei et al. [14] [15] [16] . This is in line with our observation that CXCL12 concentration (as lymphocyte-attractant) correlates with SBP assessed by ABPM. Additionally, it can also increase blood pressure by activating the sympathetic nervous system. [17] .
Role of CXLC12 in CKD
Considering all the preclinical and clinical data, there is evidence supportive of the negative influence of CXCL-12 on the myocardium and vessels enabling us to call it a potential uremic toxin. There are data available on its protective role in ischemic conditions and reparative stem cell recruiting capabilities on animal models in the setting of myocardial infarction, which have not been translated into the improvement of the patients' outcome in human studies of heart failure [18] [19] [20] . Probably, the role of CXCL12 depends on the microenvironment in which it acts (including interaction with inflammatory and progenitor cells), timing (acute ischemic injury or chronic condition), and concentration (dose-dependent cardiac myocyte apoptosis as shown by Jarrah et al. [11] ; beneficial effect of CXCL12 at lower concentrations that ceased at high concentration reported in a porcine model by Penn et al. [21] ) as well as the mechanism that induces the remodeling (increased afterload vs. volume overload). It is possible that the proapoptotic influence exerted by CXCL12 directly on the cardiomyocytes cannot be balanced by CXLC12-driven influx of reparatory stem cells, which play a vital role in muscle regeneration [22] . This is in line with the hypothesis expressed by other researchers that ventricular hypertrophy and heart failure are cardiomyocyte deficiency disorders [23, 24] . Moreover, increased levels of pro-inflammatory cytokines, which can be observed in CKD patients, may contribute to decreased engraftment of reparatory stem cells [25] .
Limitations
The limited sample size of the study group poses the greatest shortcoming of our study. It should also be taken into account that the evaluation of CXCL12 and blood pressure relationship was performed within a study of already treated patients and this relationship may be blunted by this pharmacologic intervention. Furthermore, we have accounted for fasting glucose level in our LVH model. It should be noticed that it would be interesting to include also glycated hemoglobin (HbA1c) in the model, as its concentration is not altered by acute factors (such as stress or exercise) and reflects long-term blood glucose concentration including postprandial hyperglycemia, which could confound our results. However, as the HbA1c assessments were not routinely performed at the time point of the blood sampling executed within the current study, this parameter could not be incorporated into the present model.
Conclusion
The results of our study point towards a link between CXCL12 and LVH as well as hypertension among patients with CKD, supporting the thesis that CXCL12 could be regarded as a uremic toxin. Preclinical data and studies on patients with heart failure and coronary artery disease are in concordance with our results. However, as we face some reports of a positive influence of CXLC12 on the myocardium in the context of reparatory stem cell functions and bearing in mind the limited sample size, further studies are warranted both based on larger populations and at the molecular level to further verify this link.
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